Multichoice Control Strategy -MCS-consists in the selection of the correct input signals that will allow the VSC-HVdc to enhance the transient stability of the system, increase the level of damping, provide voltage support at specific nodes or change the power flow in the system, as it is required by the system when disturbances occur or ordered by the operator. This paper gives a description of the MCS and presents the procedure followed in the calculation of POD signals and a comparison of those signals with the signal derived from Lyapunov theory (Control Lyapunov Function -CLF-). All the signals were used in both small and large disturbances. The formulation of the MCS is based on a synchronous connection of the VSC-HVdc.
Introduction
A common phenomenon in power systems is power oscillations due mainly to synchronous generator rotors swinging relative to each other. Under large disturbances the first oscillation may be considerable large and endanger the stability of the system. If the power system successfully control the first swing and reaches transient stability, there might be still a risk of losing synchronism due to voltage instability [1] .
The property of VSC-HVdc to control the active and reactive power independent of each other allows the modulation of both when disturbances occur in the system. A combination of modulation of power will result in a better control of disturbances in the system compared if just one of them is used. In this way, a control of VSC-HVdc may be input with two different control strategies allowing VSC-HVdc to damp power oscillations or enhance the transient stability and provide voltage support at the same time, in an effective and robust way. An interesting application of this system is the analysis of a power system when the VSC-HVdc is connected in parallel with ac transmission lines.
In order to enhance the transient stability of the system, a control strategy based on non-linear control theory, CLF, is used. In the case of increasing the damping in the system two alternative are studied: modulation of active power and modulation of reactive power. The modulation of the active power is a well known effective way to increase damping in the system. However in this paper, besides the use of signal to modulate the active power, another signal aimed to control the reactive power is found as an alternative to mitigate power oscillations. This condition might be very useful when the dc link in the VSC-HVdc system is out of service, but the converters are in operating conditions. A simple model, which represents the VSC-HVdc as an element in the power system that provides adequate interaction with other systems elements, is considered in order to test the control strategy. The model is intended for analysis of power flows and electromechanical transients. It is then sufficient to consider the power frequency components of voltages and currents represented by phasors that vary with time during transients. The model is valid for symmetrical conditions, i.e. positive sequence phasors are used for the representation of the electrical state.
Injection Model
The formulation of the Multichoice Control is based on the connection of the VSC-HVdc in a synchronous system as illustrated in Figure 1 . From the buses of connection of the VSC-HVdc, Bus i and Bus j in Figure 2 , a VSC-HVdc can be seen as a synchronous machine without inertia where the production or consumption of the active power is independent of the production or consumption of the reactive power. This interpretation leads to modeling each VSC-HVdc converter as a controllable voltage source in series with a reactance, which represents the impedance of the power transformer. In Figure 2 :
where U c and γ are controllable variables (magnitude and angle) of the voltage sources.
It is assumed that the dc voltage control keeps the dc voltage magnitude close to the rated voltage; in this way, the losses of the converters are basically constant, independent of the magnitude of the current through the converters. Losses are consequently represented in the Simple Model by a constant active load. The losses of the dc cables are neglected. The relation between buses i and j is given by the active power: P si = −P sj ; the reactive power is independent at each bus. Figure 3 shows the Injection Model. The active and reactive power are defined by the following expressions:
and
where:
Eq. (7) and (8) can be divided into two terms, expressing the uncontrolled and controlled variables.
The expressions of active and reactive power can also be written in a similar way:
where the subindex o denotes the uncontrolled P and Q. ∆P and ∆Q correspond to the modulative parts.
Considering (2)- (5) and (9)-(10), the right hand side terms in (11) and (12) become:
Multichoice Control Strategy -MCS- Figure 4 shows an scheme of the Multichoice Control, where: The priority of the Multichoice Control is the modulation of active power. This means that if the transfer of active power during a disturbance uses the total rating of the converters, then there is no production/consumption of reactive power and no voltage support can be applied.
Modulation of reactive power ∆Q i is only selected when the active power through the HVdc is zero and Power flow control is only allowed when the system is in steady state.
This paper describes and compares the signals obtained from non-linear theory and linear analysis.
Control Lyapunov Function

Theoretical Considerations
Consider the uncontrolled system:
and let V(x) be a Lyapunov function; that is, V(x) is positive definite (i.e., V(0) = 0 and V(x) > 0 for x = 0) and its time derivative is given by:
Now consider the controlled system (affine system) defined by:
where u i is the control variable and n u the number of controllable variables.
Applying the Lyapunov function of the uncontrolled system to the controlled system, the time derivative of the Lyapunov function along the trajectories of (25) is given by:
The objective of the Control Lyapunov Function is to select u i in such way thatV controlled is non-positive. Detailed description about CLF, can be found in [2] and references therein.
The derivation ofV uncontrolled andV controlled can be found in [1] .V controlled resulted in a modulation of the active power expressed by:
k : positive gain f ij : difference of the frequency of the buses where the VSCHVdc is connected
Linear Control
The purpose of the linear analysis is to tune a regulator that will allow certain selected signal to modulate the active and reactive power of the VSC-HVdc and provide damping to the system. The objective of modulating the reactive power is to provide damping exclusively when the dc-link cannot transmit active power, but the converters are available and can be operated (it is assumed that dc-cable has its own circuit breakers and do not depend on the ac circuit breakers).
Active Power Control
The transfer of active power through the HVdc is based on the criterion that the amount of transfer of power is basically controlled by the angle of the voltage source. Figure 5 shows the block diagram of the control of the active power. The control of the active power is only carried out in one of the converters since P sj = −P si as explained in the section Injection Model above.
Reactive Power Control
The production or consumption of reactive power in the converters is based on the criterion that the reactive power is basically controlled by the magnitude of the voltage source. Figure 6 shows the block diagram of the control of the reactive power. where:
U set : Voltage reference through the HVdc 
Modal Analysis
Power systems are most naturally described by a set of Differential Algebraic Equations (DAE) models of the form:
The algebraic variables y are related to the dynamic states x through the algebraic equations g.
If the system is linearized around the equilibrium point, the power system is described by:
The transfer function of the open-loop system, G(s), can be calculated by:
where, R i is the residue of G(s) at λ i and is expressed as:
Adding a regulator in the VSC-HVdc in order to increase damping, the power system result in the feedback-looped system shown in Figure 7 where H(s) is the transfer function of the regulator whose output is a POD signal. The regulator consists of a wash-out filter and a lead-lag filter (Figure 8 ).
The selected input signals of the regulator are the difference of frequencies where the HVdc is connected, f ij , and the magnitude of the current between Bus 6 and Bus 7, I 67 (Figure 9 ). The tuning procedure of the regulator follows the residue method [3] . 
Numerical Example
Power System
The test system is based on the topology network and technical data of generators in [4] ; see Figure 9 . Generators are modeled as one-axis; AVR and PSS are included in each synchronous machine. Turbines and governors are not implemented in generator 3. The simple model showed sufficient accuracy in preliminary testing cases of the model. Different cases were simulated and the results were compared with a model of VSC-HVdc developed by ABB intended for electromechanical transients and positive sequence analysis. A case of comparison can be seen in [1] .
For cases 2 to 4 three different signal were used as supplementary control: 1) CLF; 2) f ij as a first POD signal; and 3) I 67 as a second POD signal. Simulations use one signal at a time.
The results of the use of the three signals are plotted in the same figure.
The results of power oscillations in the following fault cases are referred to the power P showed in Figure 9 .
All simulations are performed by using SIMPOW [5] and the results plotted in MATLAB.
Case 1. Zero Active Power through HVdc
The disturbance consists of an interruption of the transfer of active power in the DC-link. The converters remain in operation. The average magnitude of the voltage in both cases are the same since voltage support is always active in the reactive control. Naturally when POD is active the oscillations are damped much faster.
Case 2. Disconnection of Shunt Capacitance
The purpose of this case is basically to show the response of the reactive power control. 2/3 parts of the shunt capacitance connected at Bus 7 are disconnected. Since the control of the reactive power is independent of the active power and the voltage support is always active, the variation of the voltage is exactly the same for all of signals and when there is no POD.
Case 3. Three Phase Short Circuit and Disconnection of Line
A three phase short circuit is applied at Bus 8 for 100 ms. The fault is cleared by opening the circuit breakers of one of the transmission lines between Bus 8 and Bus 9.
In this large disturbance again all three signals are used and all of them keep the system in synchronism as can be seen in Figure 12 . Even when there is no POD in the active power control, the system was stable thanks to PI-control. However damping is lower compared to CLF or POD. In this fault it is possible to see that the POD signal f ij gives a better result, even better than CLF. This is understandable since both signals are function of the frequencies where the VSC-HVdc is connected, but the POD signal is actually tuned for that specific mode (interarea mode). When I 67 is used the system presents a larger overshoot.
Case 4. Disconnection of Generator
Generator 4.1, which is producing 350 MW, is disconnected. Generator 3 does not have frequency control and the transfer of power along the corridor increases by 300 MW. Figure 13 shows the results obtained. When there is no POD the system is unstable. For scale reasons the result is only plotted up to 6 s. Once again both POD signals keep the system together and f ij gives the best result.
The reactive power control cannot make the voltage to return to the initial value and finally drops just some volts below the set value. The reason is that the demand for production of reactive power exceeds the limits of the capacity of the converters stations. As explained above, the HVdc has as priority the control of active power.
Future Work
All carried out simulations have been based in the use of local signals. Next analysis will consider the use of remote signals, the SIngle Machine Equivalent -SIME-method [6] and participation matrix.
Implementation of the Multichoice Control in a detailed model of VSC-HVdc and use of more complex power system, which demands a co-ordination with other control devices present in the network, will also be considered.
